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Introduction. 

In selecting a problem for engineering research, no field 
seemed so fraught vrith possibilities as that of lubrication. 
This is apparent when it is realized that no resea,rches of a 
really fundamental character, with the notable exceptions of 
those of Kingsbury and Michell, have been undertaken since 1883. 
This is certainly surprising in view of the fact that the sub- 
ject is of such fundamental importance in engineering practice. 

The introduction of steam turbines, internal combustion 
engines and high speed machinery into modem industry necess- 
ita.ted nev/ and more efficient means of lubrication. Activity 
along this line has been notable in the last few years and some 
really important advances have been iriade, especially in the in- 
vestigation of that somev/hat obscure qtiality of lubricating oils, 
which for v/sjit of a. better name has been termed "oiliness", and 
also of the treatment of oils with fatty acids and colloidal 
graphite to increase their lubricating quality. 

The present accepted theory of lubrication is based on 
the classic researches of ITr. Beauchamp Tower, whose first 
report was ma.de to the Institute of Mecha,nical Engineers in 
1883 and his second in 1884. Mr. Tower's experiinents were 
conducted with great care and under a grea.t variety of con- 
ditions. The results obtained failed to agree v/ith the results 
of previous investigations and this lack of concordajice led 
iir. Tower to conclude that it was due to the character of the 
supply of the lubricant. It also fortunately ca,used him to 
investigate the phenomena of flooded lubrica.tion and his re- 
searches in this important phase brought to light a fundamental 
fact that had not been clea.rlj'- recognized up to that time, 
namely: That v/ith flooded lubrication, the bearing surfaces 
are separated by an oil film of definite thickness. 

Using the data of iir, i'ower's work, iir. Osborne Reynolds 
developed the hydrodynajnical theory of lubrication and "oublished 
it in the Phil. Txejns, of the Royal Society in 1886. It seems, 
however, that Prof. Stokes and Lord Rayleigh simultaneously 
propounded a similar theorjc. 

It is curious to note that IT. Petroff , a Russian experi- 
menter, published his "ITeue Theorie der Reibimg", which is 
franlcly an exposition of the hydro djmamical theory, in Russian 



in 1883 and in German in 1337. Yet no note v/as talcen of hir- 
V7ork by.Enelish writers until quite recently when a translation 
was published in The Engineer in 1912, Gemian writers on the 
other hand refer to his work frequently and Prof. A, Sorranerf eld 
makes -this terse remark in regard to Petroff's formula for 
the moment of friction: "Dies ist die Formel Petfoffs, des 
Vaters der hydro dyneanischen Schmiermitteltheorie". 

The literature on the subject of lubrication is very 
extensive. Although numerous treatises sjnd. articles have been 
published there does not seem to be a common agreement on the 
more involved points in the mechanism of lubrication. That 
this disagreement is a ma.tter of moment, is evinced by the 
statement to the writer, by a research engineer of international 
reputation, that in the practica,l designing of bearings the 
practice departs materially fro2:i the theory and the design 
proceeds entirely along empixical lines. He further pointed out 
that th6 laws of film lubrication are veiy imperfectly" established 
and suggested that if these obscure points were cleared up the 
whole subject could be trea.ted in a more rational manner. 

Although there are certa-in aspects of the problem that 
are involved and obscure there are certain fundajaente,l notions 
v^hich are accepted as correct and which ca,n be used v^ith assur- 
ance, 

Fundajnental Conceptions. 

It is the function of the lubricant to insinuate itself 
between the sliding members of a machine and by so doing' 
reduce the friction between the parts. It often happens, how- 
ever, that the lubricant fails entirely to rea,ch the parts 
that it is intended to lubricate, ' or only partly performs its 
function due to inadequa*,te supply, to intermittent or to im- 
proper application. 

- The field of application, for purposes of discussion, 
may be divided into three classes in a,ccordajice v/'itli the degree 
of lubrica,tion attained in each, nojiiely: 

I Unlubricated surfaces. (Dry friction), 
II Partially lubricated surfaces. ' (Oily friction). 
Ill Completely lubricated surfaces. (Viscous friction). 

Dry Priction. 

The so-co.lled lav/s of dry friction were first enunciated 
by C. A. Covilomb, in 1781, a.nd confirmed by A, J, Morin, 'in 1834, 
and have been found to hold good v/ithin very wide limits. 
According to these laws the assumption is made that the friction 



is; 



I Proportional to the normal pressure between the 
surfaces in contact. 

II Independent of the area of these surfaces. 
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Ill Independent of the velocity with v/hich the surfaces 
slide upon one another, 

rv Dependent on the nature of the surfs.ces in contact. 

These statements do in fact sens iloly represent the results 
of experiments for pressures and velocities most conrnonly 
occuring. If these assujnptions are correct, dry friction ms,y 
"be measured simpl^^- in terms of total pressure between the sur- 
faces, multiplied "by the coefficient depending on the nocture 
of the surfaces in contact. 

CoulomlD recognized the fact that as greater effort v/as ' 
necessary to set a "body in motion than to keep it in motion^ go 
v/e must distinguish between static friction (the friction of 
rest) and kinetic friction (the friction of motion). He also 
pointed out that the value of static friction often depended 
not only on the intensity' of pressure, but also upon the time 
the body had been at rest. At higher velocities than are 
commonly encountered in engineering practice, it has been sho\=7n 
by several e:cp crimen ters that the friction is much less than 
at lower velocities. This fact can be explained by the possi- 
bility of the formation of an"G,ir film at these high velocities 
v/hich acting as a lubricant materially reduces the friction, 
Ho increase in the friction at slov; speed was detected ujitil 
the experiments of Prof, Fleming Wilson (Phil. Trains, 1377) 
demonstrated conclusively that at e5:tremely low velocities, of 
the order of 0.0002 feet per second, there is a sensible increase 
of frictional resistance above that at ordinary velocities. 

These expei-iments point to the conclusion that the coef- 
ficient of kinetic friction gra,dually increases as the Tslocity 
grows smaller arid pe.sses v/ithout discontinuity into that of 
static friction. 

The Coefficient of Friction, 



The coefficient of friction is defined as that value which, ' 
when multiplied by the x^ressure normal to the surface in contact, 
gives the maximum frictional resistance to motion: 

Let P sff Total frictional resistance 

P Si roiTflal pressure on surfa,ces in contact 
f = Coefficient of friction 

Then f ^ Jl_ (l) 

P 

Although the term coefficient of friction ha.s no physical mea,n- 
ing, it supplies a convenient and conventional method of dis- 
cussing results in which friction is involved. 

Lord Eayleigh (Phil. Kag. Vol, 35, Feb. 1913) and Prof, 
¥. B, Hardy (Phil, Mag. Vol. 38, July 1919) have demonstrated 
the existence of an invisible film that is present on a.pparently 
cleaji surfaces. An interesting and simple experiment performed 



"by means of an "optical flat" and a Sv/edish gaee, v/ill disclose 
the fact tliat such an invisible film exists even though the 
glass has "been carefully cleaned, if the gage is placed on 
the glass and tlie glass inclined it will slide with great free-- 
dom but if any T^ressure is applied, particularly if the gage 
is rotated 'at the same time, the gage will adhere with consider- 
able force. If the experiment is repeated with the glass inverted 
and the gage held against the under side of the glass, this 
film makes itself manifest by the presence of light bands, as 
the optical flat is in rabstance an interferometer. The widtn 
and curvature of these bands are a measure of the thiclcness of 
the film. With slight pressure the gage caxi be slid along the 
glass ■ freel^^ and the light bands are uniform in width and curv- 
ature, but when pressure is applied they are seen to widen and ' 
bow to greater extent and \rhen the critical pressure is reached, 
i.e., one that is sufficient to rupture and dislodge the film, 
the disc villi adhere and the bands disappear. 

The cause of tlie inconsistency of published data is due, 
no doubt, to the presence^ of these ■ contaminating films on 
ap^arent?-y clean surfaces, and to molecular adhesion which 
is^'a somev/hat obscure and unineasurable factor. 

Oily Eriction. 

The stage of lubrication in which an extremely thin film 
exists or in v/hich there' is perhaps a viscous film formed v/hen 
the lubricant is applied, followed by a period in which there 
is metallic contact, is Icnovm as the intermediate stage and 
it is in this stage that the "oiliness" of tlie lubricant plays 
the leading role. The real nature, of this kind of friction 
is a toroblem in molecular physics and physical chemistry and 
is so" involved that there is, at- the present tune, no adequate 
explanation of its vagaries but an examination of the trend 
of" thought on this iiuportant phase is certainly oj. interest. 

nature of Oiliness. 

This matter of "oiliness" has recently been the subject 
of much study, experimentation and conjecture. Tliere is much 
divergence of opinion as to its real nature. The outstanding 
fact is that some iLibricants have more effect in reducing 
friction between surfaces intimately in contact than others. 
Prof. Hardy (Phil. i:ag. Vol. 38, July 1919) states that with 
a trLie lubricant, a film of the order of one milliontn of a 
millimeter in thickness is sufficient to cause two glass _ 
plates to slide over one another with the minimum of friction, 
and concludes that lubrication depends wholly upon the chem- 
ical constitution of the fluid and that a true lubricant is 
alY:ays a fluid Y/-hich is adsorbed by the solid face. 

Lubricants are colloids and it is -vvell knov.oi tliat v/henever 
a colloid comes in contact with a surface it fails to maintain 
aunifoira special distribution. There is a greater concentra- 
tion at the point of contact than that which obtains in the 



interior of the colloidal mass. This property of concentration 
on a surface is Icnov.n as "adsorption". 

Mr. Deeley (Oil Engineering and Finsjice, 14 Jan. 1?)22, p. 64) 
holds the viev.- that "Oiliness would appear to he an effect pro- 
duced hy the lubricant upon the raetallic surfaces v/ith which it 
is in contact* rather than a property dependent upon any par- 
ticular physical property of the luhricant. It T/ould appear 
that the unsaturated molecules of the lubricant enter into 
firm physico-chemical union v/ith the metallic surfaces, thus 
forming a friction surface, v;hich is a compound of oil and metal. 
This solid surface would eiIso appear in the case of metallic 
surfaces to he mu.ch more thsjn. one molecule tliick, the oil pen- 
etrating some little distance into the m.etal, and altering its 
physical properties or, as a result of abrasion, forming a paste 
of metal plus oil betv/een surfaces covered by oil layers one 
molecule thick." 

Other authorities disagree with this entirely and maintain 
that there is always a film of the lubrica,nt itself between 
the two surfaces. The concensus of opinion seems to be that 
oiliness may be defined in terms of the chemical constituents 
of the lubricant and of the metal to which it is applied, but 
in the light of present loiov/ledge this cannot be stated in 
exact terms. 

As a matter of conjecture it would appee^r ths.t photomi- 
crography might clear up the metallic paste theory aJid perhaps 
experiments v^ith bearing materials which e.re impervious to 
chemical section, such as platinujii or sirconiujn," would tlirov/ 
further light on the subject. There cen be no doubt that oil 
under pressure penetrates into tlie bearing metal to a consider- 
able depth and that it remains so absorbed for a period, grad- 
ually reappearing on the surface. Dr. Hele-Shaw (051 Engineer 
ing sjid Finance, 14 Jan, 1922) records an instance where some 
specmens were prepared for photomicrograiDhs and it v/as found 
that a. certain phosphor-bronze speciBien v/ould not retain its 
polish but v;ould shortly become dull. On investigation it vras 
discovered that this particular specimen v/as from a slipper 
v.iiich ha,d been in service for some years under great pressure 
on a lubricated surface, and the recurring dullness v;as due 
to the gradual reappea.rance of the lubricant on the surfa.ce. 
The nex! theorj'- of the atom might possibly offer an extDlanation 
of the real fa,ctor causing "oiliness". 

The Production of Oily I.Iixtures. 

Oils of vegeta.ble a.nd anima.1 origin of the same viscosity 
are superior to straight mineral oils in lubricating qualities. 
The oil trade lias long known hovr to riroduce oily mixtures. The 
usual method of producing oils in which a high degree of oiliness 
is regarded as essentia,l is by simply adding acerta,in amount 
of fixed oil to tlie mineral oil,' For instance, rn marine stecjn 
engine bearings of the open type, it has been coimion practice to 
use from 10 to 25 percent thickened or blov/n rape oil mixed with 



the ninei'^al ■ oil. ... . ' 

Wells and Southcombe (Trans. Soc. Cliem* Industry, Vol. 59, 
15 Mar. 1^)20 ) have put forv/ard the tlieorj'' that the -superior 
luTDricating quality in these compoujided oils is due to the 
presence of free fatty acids in the added fixed oils and that' 
the same result could be produced by simply add I'ng free fe^tty 
acids as such. Tr.ey have developed a process of treating 
mineral oils to v/-hich they- have given the nanie of "Germ Process". 
Tills process appears to consist essentially of adding loaovm 
amounts of free fattv p.cids to the mineral oil in the form 
of \7hat they terrri "Oil Sosenes", 

Other investigators have confirmed their contentions 
experimentally and it is pretty v;ell established that the 
judicious admixture of free fatty acids to straight mineral 
oils T/ill increase the ■ lubricating quality of the latter. 

The presence of a,cids of any sort in lubrica.ting oils 
has been regarded as highly undesirable on account of the 
possibility of it causing corrosion. It is certainly less 
objectionable, however, to a.dd knov/n and controllable amounts 
of fatty axids tha,t will remain inert, than to use fixed 
oils containing unlcnovni quantities of'fa/cty glycerides which 
are potentially ca.pable of generating, by hydrolysis, large 
ainounts of orga,nic acids. 

The nature of Viscosity. 

In the mathematical development of the fluid friction, 
viscosity is properly rega.rded a.s the controlling va.riable 
and therefore its na,ture must be understood before proceeding 
v;ith the theory. 

Everyone understands in a general way what viscosity is, 
but even a casua-l reading of the literature on the subject 
brings to light the fact tha/c there is a great deal of mis- 
conception not only as to the true nature of viscosity but 
also a.s to the part it plays in lubrication, 

Viscosit;<r is, by definition, the sts.te or property of 
being viscous, that is, tha.t property in a liquid that resists 
flov/. Thus pitch and m.olasses are highly viscous, while 
water and alcohol are much less so. In a physica.l sense this 
difference of fluidity is regarded as internal friction between 
the infinitely minute lawyers of the liquid. 

Some writers regard viscosity as molecular cohesion but 
this view does not seem to be justified a.s it ha,s been found 
by experiment tha.t the molecules of water move about one a,nother 
with great freedom, and water ha.s a very low viscosity in 
consequence, but, a.ccording to the ca-lculation of Young a.nd 
Dupre, a. force of about 25,000 atriiosphcres is required to tear 
the molecules apart. There does not therefore seem to Toe any 
relation between viscosity and molecular cohesion. 



The measure of resistance to distortional motion in the 
liquid is called the coefficient of viscosity a-nd can he found 
thus : 

R ^ ^ V {'A 

and .^a 



M. = 



V 



V7hen yU s Coefficient of viscosity. 

^ = Distance hetv/een layers. 

v= Velocity of shear at distance A . 

R s Shearing force over unit area between two layers. 

The condition of viscous flow hetv/een tv/o parallel plane 
surfaces is of prime importance when the subject of lubrication 
is considered and such a premise lends itself readily to math- 
ema,tical treatment, yet such conditions are not tliose under 
which the viscosity can be most easily and accurately determined. 
The most concordant values he.ve been 'obtained by measuring the 
ra-te of flov; through capillai-y tubes. 

Carefully conducted experiments by Jean Louis Ilarie PoiseuiHe 
a celebrated ITrench physiologist who lived from 1797 to 1869, 
demonstrated that the volume of liquid passed by a capillary 
tube is directly proportional to the pressvire urging it a.long 
and to the fourth power of the radius of the tube 'and inversely 
to its length. This is known as Poiseuille's lav/. In recog- 
nition of Poiseuille's work w^hich v/as fundamental in char6,cter 
and on a,ccount of his many other contributions to science, ■^' t 
has been recommended that the practica,l unit of s,bsolute viscos- 
ity be called the P0IS2, Tliis unit is defined as THE PORCE 
THAT ^JILL HOVE A UlIIT AREA OP PLAITE SURFACE AT UlTIT SPEED 
r^ELATIVE TO AITOTHER PARALLEL SURI<^ACE PROK 'WHICH IT IS SEPARATED 
BY A LA'IER OP THE LIQUID OP UlIIT THICKNESS. The values used 
in defining this imit are orpressed in the centimeter-grams- 
s€6onds- systeia, and-it-so happens that the viscositj'' of v/ater 
at 68,4* F. .^20,-5'-° e. ) is exactly one one-hundredth of a poise. 
This subdivision has been named the centi-poise after the manner 
of the decimal system. 

The mathematical treatment of viscosity has been siimilified 
by assmning that the boundaries do not slip and riiaking the coef- 
ficient of adhesion equal to infinity. This assum.ption seems jus- 
'*'^-^^?'^A^-^"'^® V/arburg (Annalen der Physik und Chemie, Vol, 140, 
p. o6 7) m a series of experiments conducted with ca-oillary ' 
tubes, showed that there was no slip at the bounding" surfaces. 
Although "Warburg demonstrated that this was true imder tlie con- 
ditions of his test, there was no evidence that the adhesion 
^^■f^'l^f^fj^cient to prevent slippage if the shearing force were 
suiiiciently increased, 

A committee of the 'American Society of Ilechanical Engineers 
(Jour. A. S. M. E., Vol. 41, p, 537) attempted to cause slippage 
with films as thin as 0,000025 in. and rates of shear up to 
260,000 radians per second, at atmospheric temperature and 



pressure, "but could find no indica,tion of slippage or de- 
viation from the ordinary law of viccous friction that ' could 
not be attributed to inaccuracy of the fitted surfaces. 

Oils grov; less viscous v/ith increase of temperature, 
"bvit the exact law of variation is imlaiov/n. The erroneous 
assvunption is often made that the viscosities determined by 
the efflujc instruiiients are directly proportional to the 
absolute viscosities, and a.lso that the viscosities of all 
oils are the same at high temperature. It is true that 
they approach each other at high temperatures but they are 
far from being the same. Temperature is the controlling 
variable causing che.nges of viscosity but there is another 
factor often lost sight of, that is, the change of viscosity 
and density with pressure. Although it has long been Icnov/n 
that there was such e. chojage, it has only recently been 
determined quantita.tivelj''. (Report of the Lubricajits and 
Lubrica.tion Inquiry Committee, British Department of Indus- 
trial Research). 

V/hen the pressures are moderate, this chajige of vis- 
cosity v/ith pressure can be neglected but when they a,re 
high it certa,inly should be teJcen into considera,tion. 

The increase of apparent viscosit3;" for an increase 
of pressure from zero to six or seven tons per squa.re inch 
was fovind to be from three to four hvindred percent greater 
in the fixed oils and from tv;elve to thirty himdred percent 
grea.ter in the mineral oils. 

Unfortunately the capilla.ry tube method of determining 
viscosities is hardly suitable for commercial tests and 
neither are the other t^npes of viscosimeters commonly em- 
ployed in the physical laboratory. The coianercial testing 
of lubricants fol" viscosity is pro-ctically limited to the 
Saybolt, Redwood, Engler and Barbey viscosiineters. The 
Saybolt viscosimeter is la,rgely used in America, while the 
Redvrood and Engler instruments a.re cowmonly employed in 
England and "Germa,ny respectively- and tlie Barbey in France. 
All of these instruments are of the efflux type and the 
viscosity is an arbitrary unit depending on the time of 
flow of a measured quantity of oil at a reference temper- 
ature through a short tube of small diajneter. 

It is very evident that the use of so ma,ny r.rbitrary 
units leads to confusion. It is necessary in scientific 
Y/ork to reduce these arbitrary units to absolute viscosities. 
This can be done for the Saybolt, Engler and Redwood vis- 
cosimeters by equation TTo. 4., derived bjr Dr. Herschel of 
the Bureau of Standards (Bureau of Standards Techjnologic 
Paper, ITo. 112). 



-^= A S - -^ (4) 


v/here —£^- absolute viscosity in C, G.'S, units. 
^ := density in graans per cu. cm, 
S = efflux time in seconds^ 
A a-nd B = ins tinmen tal constants, 

Viscosimeter Inst rumen to.l Constants, 

■ A -B ' 

Saybolt O.Onp.pO i;90 

Englcr 0.^0147 3; '^4 

RedwoodP°- A 0.0nP60 i;«« 

Kea\/ooa^^^ 2) 0,0P390 1.44 



When the Saybolt Universal Viscosimeter of stande.rd 
dimensions is used the equation; (4) reduces to the form: 



^^ = [0.0022 s H^ ^ 



(5) 



This equation can he used v/ith confidence provided the di- 
mensions of the instrument used ar6 checked against the stan- 
dard. It should be noted, however, tho.t the orifice tube can 
very easily be injured by the thermometer used in stirring" 
or by corrosion, thus seriously disturbing the calibr8,tion. 

The densities at any temperature can be calculated by 
an equation of the formt 

^ = / '- k t' (6) 

where ^ — density at any- temT3erature. 
y^ density at 60" P. 
k = change df density per degrees P. 
t' = temperature a,bove 60* F. 

It should bo noted tha,t- the cocff ic-ient k chs^nges v^ith 
materia-1 changes in the gra,vity. It has the value 0,000367 
for the range of gravities used in the experiments of the 
author. 

The density required can be determined by the pyknometer 
(specific gravity bottle) or more simply by a hydrometer. If 
the Baiane hydrometer is used the reading can be rediiced to 
specific gravity by the use of the tables published in 
Circular ITo, 57 of the Bureau of Standards, 

Viscous Eriction. 

When a bearing is properlj'- designed, the supply of 
lubrica^nt copious and the speed high enough to form a film, 
the resistance encountered is entirely due to the viscosity 
of the fluid. 



The nature and lavv- of fluid friction has been' extensively 
treated by mathematicians, physicists and engineers. The hydro- 
dynamic treatment by Osborne Reynolds has 'been extended and- 
improved by Lord Rayleigh (Phil. Mag. Vol, 35, Jan. 191R), 
H. K. Martin (Engineering, Vol. 100 and 102), Somnerfeld (Zeit. 
fur Math, u. Physik, Vol, 50, 1904) and others, 

A study of the theoretical and experiraental considerations 
in a journa-1 operating under conditions of flooded lubrication 
leads to the conclusion tha.t the resistance encountered is; 

I Proportional to the viscosity of the lubricant, 

II Proportional to the speed. 

Ill Proportional to the area. 

IV Independent of the material of " the bearing surfaces. 

V Uearly independent of the load. 



¥lien Vie consider the phenomena occurring when a Journ. 
rotates in a bearing v/ith a film of lubricant interposed 
between the two bearing surfaces there is a, resistance to 
relative motion of these surfaces due to the shearing or 
transverse distortion of the oil S'-Jju. 

S 

Referring to Pig. I, let q be the shear stress and A ' 
the shear strain, We ca,n then iTrite Q _ G o , where G 
modulus of transverse elasticity'-, A 
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If the surfaces AA and BB are separated by a film having a 
thickness ^, and AA moves xriVa a speed V relative to BB, the 
resistance depends on the magnitude of the rate of increase 
of the ajigle Q with time. 

If a is the a,res. of either liquid' surface, the force re- 
quired to maintain a steady speed v is; 



P =. q a _ ^ a v 

A' 

whcre^ is the coefficient of viscosity of the liquid. 



(7) 



A film of uniform thickness A^, surrounding a journal of 
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a diameter d and a length --v, . assuming that the coefficient 
of adhesion is iaifinite, will oppose a, resistance to the r-otation 
of tlie former having a peripheral speed V in accordance \7ith 
the folloY7ing formula: 

F, -^ '^ C. JL (6,) 

In such a case the friction v/ould not depend on tlie load, neither 
does it depend on the fluid pressure to wh^ch it Is momentarily 
sulDjected, "but depends only on the area of the fluid to be 
sheared and its viscosity, but it should be remembered that the 
viscosity changes not only with the temperature but also i7ith 
the pressure. 

It is apparent from the form of the equation tha.t as ^^ 
grows smaller, "S grov/s larger in the case where the film A"^ 
surrounding the Journal is of a unifonn thickness. Unfortu-- 
natelj'- there are no cases in practice v/hen this is strictly 
true.' In steam turbine practice, where high speed is encoim ■ 
tered, this condition is approached but probably never quite 
reached. 

The eccentricity'' of the journal in the bearing varies 
with the speed. It' is large at lev; speeds and decreases 8,s 
the speed increases. At the -lower speed the decrea^se in friction- 
al resistance which would be expected from tiie increa,se of 
film thickness on one side is 'more than offset by the tlainning 
of the film on the other, side. The friction on the T;hole, 
therefore, grows greater as the journal becomes more eccentric. 

If v;e consider the' cycle of events in a bearing arranged 
for flooded lubrication, it is evident that when the machine 
is at rest tlaere v/ill be metal to metal conta-ct between the 
journal and the bearing and this contact will cent"'* hue until 
sufficient speed has been attained to form Vcio. film. When 
thi's film has been formed the eccentricitj'' v;ill be proportion-' 
a,lly great but Y/ill diminish as the speed increases. It follows 
then, that the frictional resistance 'ivill be larger at the 
lowe"'' speed due to this eccentricity. As the speed increases 
and the eccentricity grows less the friction should increa-se 
v/ith the speed but should decrease as the journal approaches 
concentricity. ¥hcn the condition of concentricity is ap"6roached 
the change in the friction, due to cha.nge in eccentricity, will 
be ina.ppreciable. In this condition of operation the friction 
Trould increase substantially in proportion to the veloc'ty of 
rubbing, v/ere it not for the fact that the increa,Se of temperatuT*e 
causes a decrease in the viscosity and, therefore, the friction 
increases less rapidly than in exact proportion to the speed. 

At very low speed the coefficient of friction is proper 
tional to the square root of the speed but this telatiohshit) 
changes as the speed increases 'until speeds of 3,60'^ ft. per 
minute a.nd upv/ards are reached, when the influence of tlie speed 
is no longer felt. 
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It seems safe to say that v/ith a given -oearing that has 
"been carefully fitted and "run in" to a pro-oer "bearing surface, 
the friction involved v/ill he entirely viscous friction as' 
long as the oil film is maintained. It follov/s, therefore, 
that all oils of the same absolute viscosity'- xnll offer the 
same frictional resistance ivider this condition. In other 
v.'ords, their coefficient of friction v;ill be equal for identical 
conditions of operation in the same "bearing. Hence the lubri- 
cating value of a. given oil i7ill depend only on its viscosity 
characteristics over the operating temperature and pressure 
range encountered in that particular bearing. Heedless to say 
oils have other properties -vvhich fix their suitability for a 
given purpose v;hich'are cxterndl to their lubricating qualities, 
such as evaporation, oxidation, emulsifies. tion, sludging, etc. 

An additiona.1 factor is introduced, hoY/ever, v;hen we 
consider tliat in the cycle of operation the "oiliness" of the 
lubricant comes into play A7hen the machine is being started 
and aga-in.when it comes to rest and there is metal to metal 
friction even though this period is of short duration. It is 
also considered desirable to have one kind of lubricant to 
serve all conditions of lubrication, that is, the oil that is 
used on the main units vrould also be used on external parts 
that are oiled by hand and on the auxilia.ry machinery'- in v/hich" 
the lubrication is cha.racteristically of the intermedia.te kind. 

It appears, therefore, that although viscosit^^ plays iihe 
leading role where film lubrication is maintained, yet it would 
be desirable tO have an "oily" lubricant for the reasons 
outlined above, provided the adjiiixture of the elements necessary 
to accomplish this did hot impair the efficacy of the lubricaxit 
in maintaining its film. The question to be considered, therefore^ 
is whether a straight mineral oil that has been treated vath 
fatty acid to increa.se its oiliness maintains the oil film under 
critica,l conditions of loa-d ajid speed as well as the untreated 
oil. 

It was found by-test v;ith the oils used in this" work that 
the addition of oleic acid up to tv/o percent ha.d no apparent 
effect on the viscosity at atm.ospheric pressure. It is very 
probable, hovrever, that under higher pressures this v/ould 
not be the ca.se 8.s it is knorai that the viscosities of fixed 
oils imder pressure do a»lter materially as well as the viscos- 
ities of til! mineral oils. In oils treated witli oleic acid, one 
would expect to find a condition somewhere between the two. 

To recapitulate, consider a bearing with fixed " character- 
istics supplied Y/ith mineral oil of knoYm viccosity. After the 
machine has been sta.rted there xnll be a. short period in which 
m.etaHic contact friction is involved, Tliis condition will 
endure until a speed is reached sufficient to form and main- 
tain the flviid film. "When this condition obtains, the friction 
T/ill depend entirely on the viscosity, of course, talcing into 
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consideration the fact tha^t tlie viscosity chs-nccs greatly v.^ith 
temperature and somewhat with pressure. As the machine is 
"brought up to speed the friction will increase with the speed, 
decrease v/ith rise in temperature and 'decrease as the concentric 
position of the journal is approached. 

Hot/ with a given speed and increased load the friction 
T/ill increase with pressure and eccentricity of the Journal 
until there will be a point reached wherein the film of 
lubricant will be so thinned that there will be momentary 
conta-cts between the metallic surfaces. 'When this condition 
of operation is reached the friction involved will be both 
fluid and contact. It v/ill be principally fluid friction 
at first but' as the pressure is increased and the areas of 
contact grow, it gradually changes into contact friction until 
finally a critical pressure v/ill be reached at 'which the film 
will be entirely displaced, Yi/hen this happens, seizing of the 
entire bearing area, occurs and if m.otion of the parts is 'main- 
tained abrasions of the bearing surfaces v;ill take place, 

77ith the riiain features of tlie above discussion in mind 
it is apparent that in bearing design the critical pressure 
causing brealc-dovm of 'the oil film must be Icaovm in-order 
to proceed rationally. It is sa,fe to say that in all oils this 
critical pressure under precisely similar conditions of operation 
depends largely upon the viscosity'- but the question naturally 
arises whether this is specifically true of all kinds of oils of 
the same viscosity, particularly of the minera.l oil treated v/ith 
free fatty e.cids. -v. 

Statement of the Problem. 

This brings us to a point where the problem can be stated in 
exact terras, to wit: 

To determine the criticE.1 or br6ak-dov/n pressure 
in the oil films formed in e. bearing, using straight 
mineral oils and also to determine' the influence on 
this critical pressure of the a.draixture of definite 
amounts of oleic acid. 

Previous V/ork. 



Little experimental v;ork has been done with' the definite 
object of determining these break-dovm pressures. The usua.l 
method of attack' follows the Ica.d of Soriimerfeld (Zeit fur 
l!a"Sri, u.Phys . 1904, 597) who made use of the experimental 
results of Stribcck (llitteilungen Uber Porschimgsarbeiten, 
Heft. 7, 1905). 

An examina,tion of the curves in Sommerf eld's paper (Zeit, 
fur iech, Physik, "Vol. 2, 1921) discloses the fact that xihcn 
pressures arc plotted as abscissa and coefficient of friction 
as ordinates on rectangular coordina,tes, the coefficient cf 
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friction decreases with increase of pressure until a- certain' 
miniiniun value is reached, .but beyond this point it increases, - 
This rainimuin value of the coefficient of friction has the 
same magnitude for all velocities of bearing face. The curves, 
however, present distinctly different trends v;ith various 
values of velocity. At low speeds the slopes are very abrupt 
but flatten out as the speeds are increased. This rainimunx, 
or "tra,nsition point", as it is called, is regarded as being 
at or nea.r'' the brealv-dOY.n point of the oil filin. This seems 
reasonable, if the notion is valid that there is a gradually 
increasing 'area of metallic contact after the critical pressure 
is reached. In that case it would certeanly tend to increase 
the friction above that vrhich could be attributed to viscous 
friction; in proportion to the increasing area of the contact 
surfaces, 

SoLcnerfeld gives the following equa,tions for the con- 
dition at the "transition point" for a bearing completely 
surrounding the journal: 



n^^ N 



{iV '^' 



or 



^ . ^^^'^,p-s ^ p] 



where -^ -= viscosity in poisea 

P -= pressure in dynes per sq. cm. of projected a,rea 
IT ■= revolutions per minute 

^ - difference in radii of bea,ring and "journal in cm. 
dL •= diameter of joixma-l in centimeters. 

If the viscosity is expressed in poises, "the pressure 
must be stated in dynes per squa,r€ centiineter, or -68, 965. 5 
times the pressure in pounds per squa.re inch, so that if it 
is desired to use English units throughout, equation (9) may 
be v;ritten thus: 

IT" L*^-J (10) 

- 3'4^',5'5'6~:;^L<^J (11) 

v/here ux. = viscosity in poises 

P - pressure in pound j per sq. in. of -orojected area 

U^ =■ revolutions per minute 

^ = thickness of oil film in inches 

cC - diameter of journal in inches 

Enuation (ll) is a very simple relationship ajid would be very 
convenient if it v/ere not for the difficulty in measu^^-'np th^ 
thickness of the oil film A' , This difficulty is a verv rpal 
ona and nullifies this line of attack, especially ?n v?ew o? 
the lact that after actual rupture of the film 1ms stii-tcd A^ 
XT^^MZl fjr% ^°'"'' ^"'- °^ ^°^'-^^^ i* islnpossible^ 
a?erof"conLc??'"'' °''""' °" '"^^ '^ ^^- ^^-^ °^ this 
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Soiimerfeld's eauation v/as deduced on the asstunption tliat 
the bearing corapletely surrounded the journal and it would 
be hazardous to contend thi.t the same relationohip would 
hold good with a bearing having an arc of contact" of ?.40'=* 
or even less as is usually the case in practice. 

Dr. J. T. ITicolson'in a very able pa-oer (Pro. Manchester 
Assn. of Engineers, ITov. 190?) following a siiiiilar method 
of deduction, after a verj;- careful analysis arrived at the 
follov/ing eqviation for various cases usually occurring in 
practice* 



P = 40 



[d. it] "^ (IP.) 



xfiieve P = -pressure in lbs. Toer sq. in. projected area 

IT =r R. p. M, 

d — diameter of journal in inches 

I'orm.ula (12) is -intended for the design of bearings vrhich 
completely surround the journal ajid, of course, in that 
respect has the same liiiaitations as that of Sormierfeld but 
nevertheless if -fche premises from v/hich it is derived are 
correct it should yield a value which is near the critical 
pressure. 

Tiie actual measureraent of lubricating filin thicloiesses 
has been reported by Kingsbury (A. S. IT, E,, Kay 1897), Green 
(Jour, A, S, II, E,, April l^il?) and Stoney (Engineering, 3 Kar, 
1922) but the only report of a serious attempt to determine the 
actual break-dov.Ti pressure of the film in a quantitative sense 
is that of Prof. Herbert S, T.Ioore {A-iex, ITach, Vol, 26, p, 1281), 

Prof. Iloore's experimental ^i.Trparatus consisted of a test 
joumo.l having a diameter of 1.2^6 .inches., arr^Jiged so that 
the lower half v/ould revolve in an oil ba,th. To this journa,l 
was fitted a half bea.ring so contrived tho.t the load could 
be varied by applying knovm weights to a, hanger attached to 
the bearing. The journal and bea,ring with the oil film 
between them formed part of an electric circuit, ' ?/hen the 
ma,chine was in operation a,nd the oil filiii fonned, this film 
would offer a great resistsjice to the flow of current» while 
on the other h?.nd if the filial were broken this resistance 
would fa-11 off to zero or thereabouts. A voltmeter vra.s connected 
across the line to indicate the line potential ajid in 1:his wa,y 
the pressure co.using rupture of the fili?i could, be detenained, 

Y/ith the data obtained in this waj'- Prof, lloore plotted 
a curve of speed in feet per minute as abscissa a,nd break-down 
■pressure in pounds per squa,re inch of projected area as 
ordinates. He found that the following expression fitted this 
curve very v/ell over the range of his observations. 



P = 7,47 \[~Y 



where P t= breolc-dovni pressure in pounds per sq, in, 

of projected area, 
V =. rubbing velocitj'- in feet per minute, 
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■ This equation has been largely used in design. Kr. Axel 
K. Pedersen Virriting in the Aoier. Mach, 10 Oot, 1912 says: "This 
equation is fundaraental and is nov; considered as k very clos6 
approxiination "by the best authorities, and should, therefore, 
be used in all cases where a perfect oil-film lubrication is 
desired". 

Dr. Sanford A. Moss, Ghief Bnglnoe^ of the -Mechanical 
Research Division of the General Electric Gompani'-, in a com- 
munication to the v;riter refers to Prof. Moore's v/ork as "a 
classic in the matter" and suggested that a check and. exten- 
sion of Prof. Moore's v;ork would be highly desirable. 

It was with this end primarily in view that the present 
investigation v/as undertaken. It was thought desirable, however, 
to devise some ri.echanical means of determining the break-dovsii 
pressure and using the electrical method as a check. The first 
method contemplated was to fit a solid bearing v;ith knov/n clearsnce, 
to a journal supported o'j two pedestals and load the bearing 
by means of a lever and jack. It v/as proposed to fit a torsion 
meter to the shaft and determine the break-dov/n of the film by 
the sudden increa,se of torque indicated on the torsion meter. 
This plan v/as abandoned principally on account of the time 
required to btiild the appa,ra.tus and 8.1so because an optical 
torsion meter, which was thought essential to this e,rrangemcnt, 
T/as not immediately available. The apparatus finally decided 
upon cs.n best be illustra.tcd by the dete^iled description v/hich 
follows: 

Description of Experimental Appa.ratus. 

In the follov/ing description of the a.ppara.tus it will be 
convenient to refer the numerG.ls to the dia.gram shoT.n in 
Plate 2 and loca.te the pa,rts described on the photograph of 
the set-up shown in Plate 1. 

The esq^ei-iiiiental-appai-a^us -was- constructed in the 
university shop and was -made entirely of miscellaneous 
equipment found about the 'laboratory. Tlie design v/as influenced 
largely by vrhafv/as available rather than by wha,t v;as thought 
to be desirable. 

The machine consists essentially of the test journal (16^ 
which is made of Sanderson's tool steel, ma,nufa,ctured by the 
Crucible Steel Company of Aiierica and It described by tha,t 
comp8.ny as a straight carbon tool steel, containing about one 
percent 'of carbon, with a phosphorous and sulphur content 
under 0,025 percent. The journal was turned oversize, hardened. 
a,nd then ground and lapped to exactly two inches diometcr. 

The journal is supported in its pedestal by t\70 bronze 
bushed bearings (lOl, The pedestal is firmly bolted to a 
heavy oak la,boratory table and this table is bolted to tlie ' 
frame that supports the driving mechanism by heavy timbers. 
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The machine is belt-driven by a 3 H. P., 1200 R. P. 11., variable 
speed, shimt motor e.nd is controlled by the starting pajiel and 
controller (23). Close gra,duation of the speed is secured by 
the armature resistance (26). AligTunent of the driving shaft 
is mainte.ined and transmitted vibra,tion from the motive element 
is reduced by a Fast flexible coupling (s), manufactured by tlie 
Bartlett-HayTF/ard Company of Baltimore, 

The test bearing consists of a split bearing (13), the two 
halves of which are pressed together on the journal by means 
of a hydraulic loading device (H)* A suitable steel strap 
surrounds the jack and bearing so that the thrust of the jack 
■V7ill be applied to both halves of the bearing. This loading 
device is knovm a^ a Loadometer and is manufa.ctured by the 
Black and Decker Company of Baltimore. The total load applied 
by the jack is indicated by the pressure gage (12) v/hich is 
graduated to read in pounds. The load is applied by rotating 
the T/orm gear by means of the hand wheel (l4l. 

The bearing with the jack, loading meclianism, supporting 
stra,p and other appendages, constitute a pendulum, the dis- 
placement of Y/hich through any angle indicated by the pointer (20) 
on the scale (2l), which is graduated in degrees, will be a 
measure of the friction. The total friction and the coefficient 
of friction can be determined as follov;s: 

Let V/ = V/eight of pendulum, (114 poujids), 

R = Radius from center of journal to center 

of gravity of pendulum, (6 inches), 
r - Radius of journal, (1 inch), 
P'-= Total load on bearing, 
cp- Angular displacement of the pendulum 

from the vertical, 
f = Coefficient of friction, 
F = Total frictional resistance. 

The total load P is the value indicated by the gage, plus 
the Loadometer calibration correction and the 7/eight of the 
pendulum. This is sufficiently accurate in this case as the 
total loads encountered are large in proportion to the weight 
of the pendulum, but it should be borne in mind that the load 
on the upper half of the bearing is greater than that on the 
lov/er by an amount approximately equal to the weight of the 
pendulum, 

Whencp= 90**, W R = P r. Then for exiy other angle, W R sin(f)=Fr. 
The expression for the coefficient of friction may be written: 

f ^ F tut F . JLJ^sinJ) 
P' r 

then rt 

f - V R sind/ _ 114 X n c^ir. S 
P'r ' P' 



f= 



6S4 sin^ 
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V/ith this, a table 'Of coefficients of friction could "be calcu- 
lated for a wide range of dellcctions said pressures. 

It should "be noted tha.t the radius- R in the ahove 
expressions is the sajne a.t all conditions of load» as'the 
movement of the piston is very small indeed, so small, that 
R is not- disturbed under varying conditions of load, Tliis 
feature is uniaue and is considered a notable improvement 
over the spring loaded machines in which the center of gra^vity 
changes with every change of load. 

The actual bearing surface is made in the form of a 
split sleeve v/hich is bolted in the cast-iron holder. The 
ca.st-iron sleeve is shown in Pla,te 3, Figs. 1 and 2, This 
sleeve carries the "bearing surface v;hich on the first tria,ls 
v;as made of close-grained cast-iron and on the loiter of high 
grade babbitt metal, manufactured by the United American Metals 
Corporation of Brooklyn, H, Y. and described by that compa,ny 
as Syracuse Government Genuine Babbitt, conta.ining approximately 
90 percent tin, 3 percent copper and 7 percent a-ntimony. 

The bearing block T/hich carries the bearing sleeve is 
split in the same manner as the sleeve and provided with 
spherical sections at the top and bottom tho.t fit into siinila,r 
female sections s.ttached to the strap at the top, and the hea-d 
of the jack at the bottom, so that the bearing is self o.ligning, 

Tlic oil supply -is -maintained by a rotary pujiip (2) -which 
tolces its suction from the reservoir (4) and discharges into 
the siglat feed oil cups (l'^) and by this mea.ns a copious 
supply of lubricant is assured. The oil inlet line is vented 
by" the valve (^) so that entrained, air will be discha.rged through 
it, aaid not carried into the oil supply. This valve also 
serves to regulate the pressure on the oil line which is indi- 
cated by the ga.ge (v). The oil is carried to the sight feed 
cups by mca.ns of the flexible mcteJlic tubing so there will 
be no resistance to the movement of the pendulujn a.t this point. 
The oil return is accom.plished by means of the drip-Dan a.nd 
trough (37) which act clso as an oil cooler. 

Tlie speed is measured by an Elgin Chronometric Tachometer (25) 
suplemented'by a centrifuga,l ta.chom-etcr (6) and a positive 
couJiter (5). The Elgin Tachometer functioned 'perfectly and 
proved to be highly satisfactory for the v;ork. IIo ' irregularity 
could be detected bj- compa>,ring it with the counter. 

The temperature of the bearing was determined by a mercurial 
thermometer (19) which w^as supported by a fiber bushing in a, 
recess drilled into ' the bearing v/ithin an eighth of an inch of 
the bearing surface. Thermo-couples made of copper and "Advance" 
wire were fitted into recesses right a.t the entering and lea.ving 
edges of the actual bea,ring"area so that the oil temperatures 
a-t both could be determined. The cold Junctions of tlie thermo- 
couples were immersed in a thermos bottle and the current 
genera-ted wa.s determined by a highly sensitive ga,lvaJiometer so 
that small differences in temperature could be detected. 
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Vernier- micrometers (lo) that could be read to ten thousandths 
of an inch v/erc fitted to ca.ch half of bearing supporting 
blocks so that the vertical movement of the txro halves of the 
bearing could be measured in relation to ca,ch other and in 
this x:a.y an approximate measure of the film thiclaiess deter- 
mined, 'The method of fitting these micrometers is shov/n in 
Plate 3, Figs. 1 and 2. 

Opere.tion of the X.Iachine« 

The metliod of operation is o,s follov;s: The machine is 
sta,rted by closing the line ST/itch' (24) and bringing the motor 
up to speed by the controller (23), The load is then applied 
by the'hpjad v/heel (14) which a,ctua,tes the hydraulic loe-ding 
device. The application of the load is a,ccomplishcd by pressing 
together the t\TO halves of the test bearing (13) which are 
free to move in the supporting strap but e.re constrained to 
move vertically in relation to ea,ch other by hand fitted dov.^el 
pins which run through both halves of the bearing supporting 
block. 

As the pressure increases the oil filra thins out until 
small points of contact occur. Before this point is reached 
the pendulum remains perfectly steady and. the pointer (20) 
indicates a, definite deflection which is a 'measure of the 
fluid friction, beyond this point, however, the pendulum ^rov/s 
increasingly unsteady until the critical -point is reached, and 
the bearing grips the journal. V/hen this occurs the pendulum 
is suddenly deflected through a large ate until its T/eight 
is sufficient to cause the driving belt, v/hich is loosclj'- 
fitted, to slip. The operator then opens the cut-out svatch (2S) 
and shuts dovm the mp,chine, 

- In getting tlic true break-down pressure any irregular 
mechanical application of force ■ is avoided by bringing the 
pressure up to a value Just belov/ the critical point and then 
allowing the increase of temperature to cD.use the viscosity 
to decrease until rupture occurs. 

Oils for Test. 

The oils for 'the test were supplied through the coTirteous 
cooperation of Dr. Raymond Haskell of the Texas Company, a,nd' 
were procured direct from the refinery at Port Arthur, Texas, 
so there would be no chajTLce of them becoming contcunina.ted by 
the adanixture of unlcnoviTi ingredients. 

The characteristic., of these oils, as determined by 
the company's chemist, are given in Table ITo. 1. The viscos- 
ities and gravities were carefully checked in the laboratory 
at the University, 
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TABLE ITo. 1 



ITo. 1 ITo. 2 ::o. ?:> ITo, 4 ITo. 5 ITo. 6 



Gravity Be. ■21.6 ■21,4 "20,2 '26.0 •24.a ■20.« ' P^»A 
SiDCC. Gravity .9235 .9247 .9321 .8974 .9044 .9284 .9309 
Flash 340 330 385 375 410 355 35^ 
Pire ■ 400 385 460 430 470 410 400 
Viscosity @ 100** F. 202 205 763 182 760 308 290 
(SaylDolt) 



Oil A is a conmercial red oil (200 Saybolt) and oils 1, 2, 

5 and 6 s-re of Gulf Coast origin, v/hilc 3 and 4 are from liid- 

Gontinental fields. All of these oils are straight mineral 
oils Trithout compounding or "blending. 

The SaylDolt and kinematic viscosities of all these -oils 
covering the rajige of tempers.ture used in the experiments are 
plotted on Ghart ITo, 1. The form of this chart A7a,s devised 
"by ilr. MacCoull of the Texas Compa.ny and is very' useful for 
the purpose. The absolute viscosities of oils A, 1 and* 5 ■which 
were used in the final nans, are plotted on Chart ITo, 2. 

Commercial oleic acid v/as used in the fatty acid treat- 
ment of these oils and contaaned 91 percent "oleic acid, the 
rest being fixed oils, principally lard oil. 

Prelii'riinary T rials. 

In the prelimina.ry trials a cast-iron "bearing, having' 
a length of four inches was used v/ith oil A of Table ITo, 1. 
It T/'a,s apparent immediately that the s.pparatus would function 
as intended but just v.s soon a.s the bearing begsji to scat 
itself the pressures necessary to brea,k the film became so 
great at high speeds that they taxed the capa,city of the 
machine, so it v/as decided to cut the bea,ring lengtln. dowTi to 
two inches. 

Trials xiith Cast-iron Bearing. 

The origine.l bearing was modified by'milling off the excess 
bearing surface to a length of two inches. It was first care- 
fully fitted by hand then lapped in on 'an arbor with a lapping 
com.pound composed of 46 percent silica, 40 percent white lead, 
7 percent sodiiim carbonate, 4 percent black lead and 3 percent 
fullers earth. This method produced a very fine bearing sur- 
face but in a.ddition the bcciring wa,s "run in" "under som.e pres- 
sure before the actua,! test runs were started. 

The final " tria-ls vath the cc.st-iron bearing were also 
run with oil A, The results a,re given in ta.bular form in 
Table A a,nd gra.phically on Chart A, The nvuncrals nea.r the 
plotted points ihdico.te the absolute viscosity of the oil in 
poises,' On this chart is a.lso given the curves 'determined 
from Dr. ITicolson's eauation and also from Prof, lloore's. 



TABLE A. 
Test with Cast-iron Bearing. 
Usinp: Oil A. 
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Three important points ivcre brought to light in these 
trials, namely: 

(a) That the pressure causing rupture of the oil film v/as 
much greater than that calculated loy either 
Dr. ITicolson's (l?.) or Prof, Moore's (15) 
equations. 

(h) That \7ith each refitting of the hearing the pressure 
required to brealc the film vias higher and even 
v/ithout a refitting, hut after the hearing seated' 
itself better, the rupturing pressure grew higher,, 

(c) That in s}. ite of grea,t cp.re taken to remove it, the 
lint from the rags v/hich Y:cre used in v/iping out 
the drip pejis, return trough and reservoir vrould 
collect in a solid v;ad a,t the entering edge of 
the bearing surface a^nd cause in consequence 
vei-y low and discordant brea.lc-dov/n points. This 
fault v.us reinedied by fitting 50 mesh cop;;;er wire 
strainers to the end of the oil inlet tubes. 

Although the results of these trials v;ere surprising, 
no great importa.nce was atta,ched to the value of the 
break-down pressure obtained as it becojne a,pparent la,ter 
tha.t the real rela.tionship was obscured by meclianical cru- 
dities of operation and "hy the lack of permanence in tlie 
fit of the bea.ring. 

It ^7o.s found after some runs at high speeds that the 
seizing 7;as causing injury to the journal and it xra.s decided 
to go no further v;ith the ca,st-iron bearing, but to shift 
over to the babbitt one, Tlie abra,sion of the journa,l \ic.s 
very slight and it was successfully lapped out with the 
lapping compound previously mentioned. This la,pping process 
reduced the diameter of the journaJL about four ten thousandths 
of a,n inch. After this had been done, no unevenness could 
be detected along the bea,ring surface. 

Trials v;ith Ba.bbitt Beaxinp;, 

A specia.l cast-iron sleeve was ms.de but turned one 
sixteenth inch large, recessed and undercut, to hold the 
ba.bbitt metal liner of tv;o inches length, Tho ba.bbitt 
v/as poured in the usual ma.nner, pea.ned and then turned a. 
little oversize. It wa.s then fitted Idj hand a.nd la.ppcd 
in the sarae manner a.s the cast-iron bea.ring but in addition 
T/as touched up finally with powdered Sapolio on the test 
jou3ma-l. This method produced a very fine bearing surface ' 
which wotild become highJLy polished when in use a short time, but 
it was found to be impossible to make this polished' conta.ct 
surface occupy the entire bea,ring surface 8.vaila.ble, Tlie 
actual bea.ring a.rea rrould grov,r larger with eo,ch refit and 



v/ith T/ear, "but even-v;lien the expcrimenta-l-v/orkv^as stopped 
onlj'--' about sn loerccnt of the bearing surface ha,d come into, 
play. -It is til.' this fact that the progressively higlier 
pressures vrath each refit is attributed, Entir61y^ concordant 
results could only be expected after an unchangj.ng, highly 
polished bearing surface had bften- produced. It is -thought 
tha,f'to produce such a surface, covering the entire available 
area, it v/ould take v/eelcs, perhaps months of "running in" the 
bearing under considerable pressure. 

The babbitt used was evidently of a, very superior 
quality, as it v/as found that n6 abrasion of thc'bearing 
surface or the Journal occurred, even under the most severe 
conditions of opera,tion, 

Tlie preliiiiinary trials v/ith the babbitt bearing and - 
oil A indicated immediately'- tha,t the break-dovm pz'essurcs 
¥;ould be much higher than those encountered with the cast- 
iron bearing, -After the second, refitting of the baea.ring 
the brcak-doY/n pressures became so high that the o/^ inch 
steel tap bolts, which held the strap together, were re-peat- 
edly sheared and in fa.ct the strap itself was distorted to 
such an extent that it looked as if it might ca.rry av/ay 
any minute. 

It was obvious that as the beo.ring seated itself better 
the break-doT?m pressures v/ould go quite -beyond the strength 
of the stro.p, so it was decided to forge a new strap in 
a, solid piece thus eliminating the to,p screv/s. It was also 
decided to reduce the projected area of the bearing to 
2.764 sc]uare inches. 

When these two modifications had been made' the bearing 
was again refitted and lapped in as previously 'described 
and then "ruji in" v/ith oil A, 

The systematic testing then begsJi, using in succession, 
in "the order 'naiiied, oils A^ lTo.-l,-lT6. 2, ITo. ?> i^o, 5, - 
llo. 4 a,nd Ho. 6, Oils ITo. 2 a,nd ITo, 4 v/ere so viscous 
and the flow conditions with them so poor that the tests 
with them v/ere abandoned. Repeated runs v/ith the other oils 
confirmed the fa,ct ths.t the brealc-down pressures v/ere many 
times grea-ter thaji those which had heretofore been regarded 
as probable. It developed a,s the tests progressed, that in 
each succeeding run the break-dov.'n pressure grew higher, con- 
firming the conclusion that had already been reached that the 
fit was the controlling factor. In any period, however, 
fairly consistent results were obta.ined and one could predict 
quite' closely at wha,t' point the rupture of the film would 
occur. 

Unfortunately, when the bearing was reassembled after 
examina.tion a-nd a new trial sta^rtcd, the former relationship 
would be disturbed considerably. 
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ITo Very close agreement v/ith tlie former vo^lues could be 
attained, lout as tlio v/ork progressed it became more evident 
that as the fit improved the results were more consistent. 

Final Trials. 

After the trials had progressed to such'a-n extent that 
the results grev/ consistent to a'fair degree, it \"a,s decided 
to proceed v/ith the final trials. Oils ITo. 1 and 5 v:cre 
selected as their viscosities covered the ra-nge ordinarily 
encounterea in practice. 

The procedure in this case xras to run a series of trials 
T/ith the straight mineral oils until enough data, had been 
determined, ■ then shift over to the treated oils and repeat 
jihe process. 

The results of these trio.ls are given in Tables B and C, 
and shov/n graphically on Che,rts B and C. 

Comriient on Curves. 

The curves drav/n on the Cha,rts B and C are the sai'iic 
and arc not intended to be curves that represent the char- 
acteristic behavior of the break-dov/n pressure. They a,re 
drawn merely to aid the eye in following the trend of the 
data. It would be too much to say that the curves represent 
what really happens, because it is recognized tha,t the machine 
was mechanically deficient, the degree of fit not perfect, 
and the temperature obr^erved v;ao orobably not that which ob- 
tained in the oil film itself. It is believed, however, 
that the data recorded does sensibly represent the magnitude 
of the break-do\'vn pressures v/ith tha.t particular degree of 
fit, but with another refitting of the bearing the pressures 
v/ould certainly go still higher and the trend of the curves 
might be disturbed entirely, 

..._... Contrary to expectation the brcak-dov.Ti pressures obto.ined 
after the oils had been treated v/ith the 2 percent oleic acid 
were materially less than with the untreated oils. The 
brcak-dovm point vra^s hot so sha.rply defined as v/ith the 
stra.ight mineral oils. Tlie iAnsta.ble period v/hich indicated 
contact was much longer and in consequence the actua.l critical 
points v/ere very erratic. This apparent discordance was no 
doubt due in a large measure to the fact that the real temper- 
ature of the film v/as unknov.Ti a.s in this case the contact 
friction ca.uscd the temperature to rise very rapidly and. 
no doubt it wa.s not properly registered by the method used, 

Tiie plotted data indicate that the break-dov/n pressu->"c 
does depend largely on the viscosity as an inspection of the 
curves show that although there is no great degree of con- 
cordance there is certainly a marked similarity between the 
two sets of data. 
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TABIJil 3, 
Test with Babbitt Bearine. 
Using Oil ITo, .5. 
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TABLE C. 
Test Y/ith Babbitt Bearing. 
Using Oil ITo. 1. 
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Electrical I.Ietliod of Dotermin^'nf^ BreaJc-dov.'n Pressure. 

The electrical inctliod of determining tlie brcak-dovm "nres- 
sure v/a,s tried during the trials v/ith the cast iron hearing. 
The arra.ngement v;as similar to that used by Prof. Moore. It 
consisted simply in connecting the bearing and journal in a 
circuit as shovm in P^g, '^, 
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as long as ■ the film was maintained, the 



The theory isj 
voltage, indicated on' the voltmeter, "'ould be zero but v;hen 
the film v;as ruptured, metallic contact occurred and the volt- 
meter would indicate full line voltage. 



this 



method 
be lev; that 



the apparent 
indicated by 



the 



In the first a,ttcmpts vn th 
break-dovm prcssui-cs xr^.xe so far 
mecha,nical method, it was thought that perhaps the meta,llic 
particles that wer^ being stripped from the bearing and 
carried along in the oil v/as responsible. The attempt v/as 
discontinued at that time but xias tried again lii the final 
tria.ls. - 

These second attempts were not Y.Gcy :;iuch more successful 
than the first; the apparent brcak-dov/n occurring at a fe\7 
hundred pounds when it was 'cbvious from the mechanical indicator 
tha,t such Y.'as not the case. ITo serious attempt was made to 
get exact results by this method as the load could hot be 
determined accura^tely at the low pressures involved, and also 
because study on the subject indicates that this method of 
attack is fall3,cious for the following reasons: 



(a) V/].ien the cri t 
ncss is very smo.ll 
is very uncertain, 
is not 'a matter of 
and i:r. ¥. IT. Eddy 
elude that "The di 
stress' is not due 
of oil, e.s is the 
carried into the d 



jproached the film thiclc- 
that its dielectric strength 



hickness alone. Ilr; J. L. R* Hayden 
I. E. E., Vol. XLI, Peb. 1022) con^- 
reak-down of oil under dielectric 
tage exceeding the dielectric strength 
r. but is due to something being 
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dielectric field, v/hich v/eakens the 'dielectric strength so 
0.3 to cause a premature 'break-doYm". 

(b) Metallic particles whieh are always present in the oil 
and which a,re being constantly circulated in the system 
would be fatal to this method' if they were carried into 

the bearingi These particles, although invisible to the 
i-inaided eye, are still large enough to bridge the film and 
cause current to flov;, 

(c) It v/as demonstrated repeatedly in' the trials that v/hen 
the brsalc-dov/n pressure \7as api^roached, contact would occur 
at points and would evince itself by an unsteadiness of the 
pendulmn, ■' Tliese periods were of short duration, without 
exception, and the conclusion is that they v/ere caused by 
small excrescences of the bearing surface the,t v/ould be 
smoothed off after a. few moments. Tlie fe.lse points would 
often occur when the pressure had reached only a. small 
fraction of the real breal'C-dov/n pressure. For these reasons^ 
it is evident that if the electrica.l method were depended on, 
it v,'ould give entirely erroneous results. 

Determination of Jilm Thickness. 

During the final tria,l a careful detej^mination-was mide 
of the relative position of "the tv/o halves of the bearing, 
hy means of the micrometers. The average of all observations 
made while using oil ITo. 1 are shovm on Cha,rt D, 

In view of the fact that the clearance in the bearing 
was maintained entirely-by the pressure of the oil film, it 
is thouglit that the values determined are a fair approximation 
of the oil film thickness. The method did not adi'dit of very 
close -measuring of the movements of -the -bearing blocks near'' 
the critical point s.nd consequently the magnitude of the oil 
film in this region could not be determined with great exacti- 
tude. 

Conclusions, 



The m.ost iinportant fact brought out in this work is 
the astonishing intensity of "pressure tha,t the oil film will 
stand before being displa,ced. Even under the most adverse 
conditions of operation in the experimental v/ork, it is seen 
that the o.ctur.l brea.k-do-'-n pres-.ures are several hundred" times 
the values which have hitherto been accepted cis possible. ITo 
indication of this has been recorded in the work of previous 
experriiaents v/ith cj'-lindrical bearings, so it is thought that 
this point can be claimed as an original contribution to the 
knowledge on the subject. 

The relationship between break-dovm'' pressure, speed and 
viscosity was not definitely este.blished, but enough was accom- 

37 



plishecl to indicate that there is such a relctionshlp and 
to develop its -general trend. 

The actual 'break-dc,.-. .ressures -at-Y.-'hich- the-f ilra j c 
completely dislodged a,nd the "bes-ring- seizes the journo-1 
should not "be considered as the critical pressures Taut rather 
the point at vyhich metallic contacffirst makes itself manifest 
"by the unstableness of the pendulujn. This point should mark 
the limit, at least as far as economic loading of the ""bearing 
is concerned. It vas deemed impractical if not impossihle 
to determine this point exactly T.dth the present -apparatus, 
because the mechanism recording deflections of the'pendulujii 
v;as not delicate enough to indicate these first contacts, so 
in order to get an unmistakable reference- point the-actual 
seizing pressure had to be taken. It should be noted, hov;- 
ever, tha,t the points at v.iiich unstableness T/as first noted 
v;ere in no case far removed from the seizing points. 

The results with the oils-trea,ted -v/ith the oleic acid 
indicate that the break-down pressures v/ith the 'oils so 
treated are less than the straight m.ineral oils. The exper- 
imental results, in this d.irection wore meager and it would 
not be safe to claim.' that "this is inva.riably trtie without- 
further confirmation. Tlie inference from this evidence 
cannot be- avoided, that oils having the same absolute vis- 
cosity but differing in chemical consistency do not have the 
same' resistance to rupture and hence, from this point of 
v±e\i, differ in lubricating value. 

In the original design' of the experimental apparatus 

the- necessary devices were- developed for determining the- 
essential elem.ents for-the complete exposition of the-hydro- 
dynamical theory of lubrication and v/ith suita,ble modifi- 
cations -and refinements in a, redesign of ■ the- apparatus 
every-premise- -in-the -theor^- could-be ca.rried to a. -successful 
Gonolusion. -In order -that these modif ica.tions a,nd refinements 
can be definitely fixed, they will be dealt v/ith in detc.il 
in the follov/ing diccussion: 

Extension of the Ercoeriinental YZork and Redesign 

of the Test Ai^'oaratus. 

Lack of time prevented carrying the investigation to an 
entirely satisfactorj'- conclusion and, in fact, it is believed 
that further work would prove abortive v/ith the apparatus 
as it sta,nds, due to its limitations. It is thought, hov/evez', 
that these could be entirely overcome by a redesign. 

The iniierent defects of the machine v/ill be pointed out 
so that if it is considered desirable to continue this line of 
a,ttack, these could be corrected v;hen the me.chine is rebuilt. 

(a) The entire structure is too flimsy. This is particularly 
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true of the structurLil eleiucnts of txio pendur_a-;-. In the 
original design a niaxirnum pressure of 1500 pounds t/ascon- 
templo,ted "but as a matter of fact, in the actual ru.ns, loads 
of 12,000 pounds v;ere not unusual, 

(■fa) The speed control v/as poor and it v/as foimd impossible ■ 
to opero.te satisfactorily at speeis lov/er than 300 R. P, 11,, 
as the poT/er of the motor v/as so feeble at these slow speeds 
that sma.ll increases in the friction vras enough- to make'a 
large change in the speed and in conGequehce observations 
tal^en at these lov; speeds v/ere unreliable. This could be 
readily overcome by installing a motor of -ample pov^er and 
speed, fitted v/ith the proper kind of speed control, A 
\Yide range of speed could be obtoaned by step pulleys such 
as are fitted 'to lathes, and very lo\7 speeds could be realized 
by back gears, A hydraulic, friction cone, or soiiie otlier 
sim.ila,r variable speed control could possiblj'' be substituted 
for the back gears. 

(c) Tlie self-aligning feature of the bearing should be 
carefully considered, and made in a manner to insure the 
proper functioning of this feature under a.ll conditions 
of load, 

(d) A more r.ccurate value of the actual teiiiperatures 
existing-in the oil film should be obta,ined. This could 
be accomplished by imbedding severa,l thermo-couples or 
resistance thermometers- in the a,ctual bearing surface. 

(e) The bearing blocJ: should be cored and arranged with a 
v;ater cooling service, so that the temperature of the bea.ring 
could be controlled. This could be accomplished lay using 
connections -of flexible metallic tubing. The effort of 

the pendulujii is so great that any friction involved would 
not affect its displacement, - 

(f) Another desirablo feature would be a quick releasing 
device for the loading mechanism- so that the loa.d could 
be quickly removed, Tlais could be done by tapping into 

the spa,ce under the piston and fitting the jack A7ith a small 
auxiliary piston that could be Worked with the fingers very 
quickly to release the pressure, a,nd such a device v/ould 
serve also for making fine adjustments of the load. 

(g) A cut-out switch could be provided so that when the 
pendulum is displaced beyond a Cf^rta^n limiting angle the 
machine vjill automatica.lly shut itself dovni. 

(h) A multiplying device to indicate small changes or 
unstableness" in the deflection of the pendulujn should be 
installed so that the pressure at v/hich the fildi first 
begins to rupture can be detected Y/ith accuracy''. 



(i) In order to determine th(S effect of change of dicuneter, 
and length of bearing surface, a series of test journals 
could be made in the form of sleeves that v/ould slip on the 
spindle smd. arranged so tha,t they could be secured to a- 
collar on the spindle by means of • tap screv/s. A niu:aber of 
test bearings of various diameters and lengths could a.lso 
be provided so that the diaaiieter and length of the journal 
and bearing could be varied at v/ill, 

( j ) With the ■ apparatus modified as' described, • a systei^iiatic 
method of testing could be follo\7ed, establishing definitely'- 
the various factors necessary to the complete solut''on of 
the hydro diTiamical theory, viz: (l) 5'il2ii thickness. (?.) Tem- 
perature and pressure of film and consequently its absolute 
viscosity. (3) Intensity of pressure on unit area. (4) Rub-' 
bing velocity. (5) Diaineter and length of journal and bearing. 
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